The kidney papilla contains a population of cells with several characteristics of adult stem cells, including the retention of proliferation markers during long chase periods (i.e., they are label-retaining cells [LRCs]). To determine whether the papillary LRCs generate new cells in the normal adult kidney, we examined cell proliferation throughout the kidney and found that the upper papilla is a site of enhanced cell cycling. Using genetically modified mice that conditionally expressed green fluorescence protein fused to histone 2B, we observed that the LRCs of the papilla proliferated only in its upper part, where they associate with "chains" of cycling cells. The papillary LRCs decreased in number with age, suggesting that the cells migrated to the upper papilla before entering the cell cycle. To test this directly, we marked papillary cells with vital dyes in vivo and found that some cells in the kidney papilla, including LRCs, migrated toward other parts of the kidney. Acute kidney injury enhanced both cell migration and proliferation. These results suggest that during normal homeostasis, LRCs of the kidney papilla (or their immediate progeny) migrate to the upper papilla and form a compartment of rapidly proliferating cells, which may play a role in repair after ischemic injury. Adult stem cells contribute to organ repair after injury 1-5 ; however, their contribution to normal tissue homeostasis by the generation of a continuous supply of new cells has not been readily apparent, except in tissues with relatively simple architecture and high rate of cell turnover, such as the skin and the intestinal epithelia. 1, 6 In addition, recent studies have shown that in some organs, precursor cells responsible for homeostatic cell turnover are different from those responsible for cell replacement after injury. For example, stem cells in the bulge of the hair follicle contribute to wound repair, 5 but normal cell turnover of the epidermis is maintained by a distinct progenitor population located in the interfollicular epidermis. 7 In the olfactory neuroepithelium, a site of continuous neurogenesis under normal conditions in the adult, new neurons are generated by the globose basal cells that reside in the basal germinal zone of the pseudostratified olfactory neuroepithelium; however, after extensive tissue damage, another population of cells (horizontal basal cells) starts proliferating and generates several cell types. 8 Finally, ␤ cells of the pancreas are maintained by proliferation of terminally differentiated ␤ cells, 9,10 but in injured pancreas, multipotent progenitor cells can give rise to ␤ cells. 11 The normal adult kidney has a very low rate of cell turnover, 12 but it is capable of responding quickly to injury by generating new cells to replace
Adult stem cells contribute to organ repair after injury [1] [2] [3] [4] [5] ; however, their contribution to normal tissue homeostasis by the generation of a continuous supply of new cells has not been readily apparent, except in tissues with relatively simple architecture and high rate of cell turnover, such as the skin and the intestinal epithelia. 1, 6 In addition, recent studies have shown that in some organs, precursor cells responsible for homeostatic cell turnover are different from those responsible for cell replacement after injury. For example, stem cells in the bulge of the hair follicle contribute to wound repair, 5 but normal cell turnover of the epidermis is maintained by a distinct progenitor population located in the interfollicular epidermis. 7 In the olfactory neuroepithelium, a site of continuous neurogenesis under normal conditions in the adult, new neurons are generated by the globose basal cells that reside in the basal germinal zone of the pseudostratified olfactory neuroepithelium; however, after extensive tissue damage, another population of cells (horizontal basal cells) starts proliferating and generates several cell types. 8 Finally, ␤ cells of the pancreas are maintained by proliferation of terminally differentiated ␤ cells, 9, 10 but in injured pancreas, multipotent progenitor cells can give rise to ␤ cells. 11 The normal adult kidney has a very low rate of cell turnover, 12 but it is capable of responding quickly to injury by generating new cells to replace dying ones. In a recent study using genetic fate mapping techniques, Humphreys et al. 13 found that after transient kidney ischemic injury, most if not all of the newly generated tubular epithelial cells derived from surviving differentiated epithelial cells. Whether other cell types in the adult kidney can generate new cells is unknown.
We previously found that the papilla contains a population of cells with several characteristics of adult, organ-specific stem cells. 14 The cells were identified by retention of an S-phase label (bromodeoxyuridine [BrdU] ) given as a short pulse to newborn rats and mice followed by several months of nucleotidefree chase. We found that like other adult organ-specific stem cells, 1, 15, 16 these papillary cells were "label-retaining" cells (LRCs); however, although they were quiescent for long periods under normal conditions, they entered the cell cycle shortly after transient ischemic kidney injury, and 3 wk afterwards, because cell proliferation will dilute the label, we found that the number of papillary LRCs had dramatically decreased after kidney injury. 14 Because low cycling history (i.e., "label retention") and proliferation (causes loss of label in the cell progeny) are opposite properties, it is likely that the number of proliferating LRCs that can be detected under normal conditions is very small. Hence, to determine whether papillary LRCs generate new cells in the adult kidney in the absence of injury, we first examined for proliferating cells in different areas of the kidney and found that the upper papilla is a site of enhanced cellular proliferation. By using genetically modified mice that conditionally express a fusion protein of histone 2B-green fluorescence protein (H2B-GFP) under the control of doxycycline, 16 we found that LRCs of the papilla that proliferate are located in the upper papilla, where they form "chains" of proliferating cells. We also found that the population of papillary LRCs decreases as the animals age, suggesting that the cells migrate to the upper papilla before entering the cell cycle. By labeling a restricted area of the kidney papilla with vital dyes in vivo, we found that there is an upward migration of papillary cells, some of which are LRCs. In the aggregate, the data suggest that during normal homeostasis, papillary LRCs (or their immediate progeny) migrate to the upper part of the papilla, where they generate a "transit amplifying" 1, 6 compartment of rapidly proliferating cells. Transient ischemic injury seemed to enhance both processes.
RESULTS

Cellular Proliferation in Adult Kidney
To determine the location of new cells in adult kidney, we stained tissue sections for Ki67, a marker of cellular proliferation, 17 and examined their various regions ( Figure 1A ). Representative microphotographs of cortex, medulla, and upper papilla are shown in Figure 1B , where cell nuclei were labeled with DAPI (blue) and Ki67 immunoreactivity with rhodamine (red); thus, Ki67-positive nuclei are pink. In these adult, 1-yr-old rats, Ki67-positive cells were rare in the cortex and medulla and were solitary and of similar frequency (1.1 Ϯ 0.1 and 1.1 Ϯ 0.2% of the total nuclei, respectively; Figure 1C ). In contrast, the papilla showed marked heterogeneity in its abundance of Ki67-positive cells; they were extremely rare in its tip and middle part (0.1 Ϯ 0.1% of the total cells for both; P Ͻ 0.01 versus all other parts of the kidney; Figure Cortex and medulla had a similar number of Ki67-positive cells, but the lateral side of the upper papilla had significantly more Ki67-positive cells than both the cortex and the medulla as well as other parts of the papilla (P Ͻ 0.01). The tip and middle part of the papilla had significantly fewer Ki67-positive cells than all other areas of the kidney (P Ͻ 0.01).
1C) but were readily apparent in the upper papilla, especially in its lateral areas, adjacent to the urinary space, where the kidney parenchyma forms a narrow angle that provides an easily identifiable landmark. In this region and unlike other areas of the kidney, Ki67-positive cells frequently formed chain-like structures (Figure 1B) and accounted for 2.6 Ϯ 0.4% of the total cells (P Ͻ 0.01 versus other parts of the kidney; Figure 1C ). Similar results were obtained in 6-mo-old rats (data not shown). Finally, when cellular proliferation was examined in adult rats 24 h after labeling cells in S phase by administration of a single dose of BrdU, proliferating cells were very rarely detected in the cortex and medulla, but the upper papilla consistently contained BrdU-labeled cells (data not shown).
Proliferation of Papillary LRCs
To examine whether the proliferating cells in the upper papilla related to the papillary LRCs that we previously described, 14 we used transgenic mice that express hybrid histone 2B-GFP molecules (H2B-GFP) under the control of tetracycline regulatory element (i.e., when the animals are given doxycycline, dividing cells express H2B-GFP, as previously described 16 ). The mice received doxycycline during embryonic life, and when examined shortly after birth, most if not all cells in the kidney were labeled with GFP (Figure 2A ), indicating ubiquitous expression of the transgene. In addition, in the absence of doxycycline, kidneys of mice with the tetracycline-regulated H2B-GFP allele contained only an extremely rare GFP weakly positive cell (n ϭ 2), indicating a very low level of transgene leaky expression in the absence of doxycycline. In the mice given doxycycline during embryogenesis, withdrawal of the drug at birth allowed these rapidly growing pups to dilute the H2B-GFP in the progeny of all dividing cells. In low-cycling cells, however, the H2B-GFP, being a very stable molecule, was retained for long periods after withdrawal of doxycycline. 18 In the kidneys of these adult mice, we found that the papilla but not the cortex ( Figure 2B ) or medulla (data not shown) had many GFP ϩ cells, thus confirming our previous studies in the rat using BrdU as the marker for low-cycling cells. 14 A similar strategy was used to identify stem cells in the skin by Tumbar et al. 16 Because these mice allow identification of LRCs without the denaturing conditions needed to detect BrdU, they are ideally suited for detection of the very rare LRCs (i.e., low cycling) that at any given time may be dividing.
When we stained the papilla of these mice with Ki67 ( Figure 2C ), we found that whereas GFP-retaining cells were abundant throughout its body, Ki67-positive cells were detected only in the upper part of the papilla, particularly next to the urinary space. Important, as shown in the high-magnification inset, some of these Ki67-positive cells were also GFP retaining, indicating that papillary LRCs proliferate in the upper part of the papilla. Detailed examination of this region ( Figure 2D) showed that, similar to the results obtained in rat kidney shown in Figure 1B , Ki67-positive cells (red) occasionally formed chain-like structures. Note in the merged image that several cells that were proliferating also contained GFP (highlighted by arrows), indicating that they were papillary LRCs.
Age-Dependent Depletion of Papillary LRCs
If under normal conditions papillary LRCs provide a steady supply of new cells in the upper part of the papilla, then it would be expected that these cells will become depleted as the animal ages. To test this, we examined papillae of rats pulsed with BrdU as pups and chased for 3 mo (n ϭ 4) or 12 mo (n ϭ 4), at which times their kidneys were examined. As shown in Figure 3A , along the length of the papilla, the number of BrdUretaining cells was significantly lower in the older rats (P Ͻ 0.001). This difference was more pronounced in the most distal parts of the papilla, where the number of BrdU-retaining cells in the 12-mo-old rats was very low. Remarkably, in younger animals, the BrdU-retaining cells were uniformly distributed along the medioperipheral axis of the parenchyma of the papilla, whereas the LRCs in 12-mo-old rats were preferentially found in the periphery beneath the urothelium lining the urinary space ( Figure 3B ) with the center of the papilla containing few BrdU-retaining cells.
Migration of Papillary Cells
Patschan et al. 19 reported a population of nestin-positive cells in the kidney papilla that migrates to other parts of the kidney after injury. Because papillary LRCs are present over the whole length of the papilla but proliferate in its upper region and their abundance in the papilla decreases with age, it suggests that the cells upwardly migrate to provide a steady supply of proliferating cells. To examine this cell migration, we developed an in vivo assay whereby a fluorescence vital dye was injected into the urinary space of the urinary pelvis of rat kidneys, and the fate of cells labeled with the dye followed (see the Concise Methods section). When papillae were examined 1 h after introduction of the dye (n ϭ 3), cells in the superficial papilla were efficiently labeled (with PKH26 in the example shown in Figure 4A ) to a depth of a few cell diameters beneath the urothelium, but no cells with dye were found in the internal parenchyma of the papilla (labeled here with Dolichos biflorus agglutinin-FITC which identifies collecting ducts); however, when kidneys (n ϭ 8) were examined 3 d after labeling ( Figure 4B ), we found that whereas the superficial papilla was still the site of most labeled cells (data not shown), some labeled cells were deeper in the renal parenchyma, particularly in the papilla (top) and occasionally in the medulla (bottom, identified here by the presence of Tamm-Horsfall protein). To rule out the possibility that some of the labeled cells that were present in the kidney parenchyma may be macrophages, we co-stained sections with a CD68 antibody. Analysis of 50 PKH26-labeled cells from three experiments, which were present deep in the kidney parenchyma, revealed that none of them co-labeled with the CD68 antibody, although many CD68 ϩ cells were detected (data not shown).
We next performed similar studies on H2B-GFP mice (n ϭ 2), in which the superficial papilla was also successfully stained with dye ( Figure 4C ). Similar to studies of the rat, 3 d after injection of the dye into the urinary space, some cells with dye were found high up in the kidney parenchyma, some of which were LRCs ( Figure 4D ). These studies suggest that papillary cells (including LRCs) are capable of leaving the region of labeling (i.e., that region nearest the urinary space).
Papillary Cell Proliferation after Transient Ischemic Injury
We previously found that papillary LRCs were proliferating 36 h after transient ischemic injury. 14 To test whether the LRCs in the upper papilla also participate in the response to injury, we first examined whether cell proliferation in this region was selectively enhanced after transient ischemic injury. To do this, we developed an assay of cell proliferation in which BrdU was administered for a short time so as to label the fewest number of cells in a normal kidney. Adult normal rats (n ϭ 2) were given a single dose of BrdU, and their kidneys were harvested 1 h later (control rats) whereas other rats (n ϭ 3) were subjected to 45 min of unilateral kidney ischemia, after which they were given a single dose of BrdU and 1 h later killed. Thus, only cells that were in S phase during this hour could be labeled. Using 5-m kidney sections, we saw only rare labeled cells in kidneys subjected to ischemia, but with 100-m vibratome sections, we consistently found abundant cells in S phase in the upper papilla ( Figure 5A ), next to the urinary space. In contrast, only an occasional labeled cell was detected in the cortex and medulla, where their abundance was not greater than that in the contralateral, nonischemic kidneys (data not shown). As expected, the upper papilla of the control kidneys not subjected to ischemia had no or only extremely rare cells in S phase (see Figure 5A ).
To examine whether papillary LRCs contributed to this proliferative response, we induced transient renal ischemia in rats given BrdU as newborns and chased for 3 mo (n ϭ 2). Twelve hours after transient ischemia, kidneys were harvested and stained for Ki67 (a marker of proliferation) and for BrdU (in these rats, a marker of low-cycling activity). As shown in Figure 5B , chains of proliferating cells could be easily detected in the upper papilla, with many of the proliferating cells also positive for BrdU. Second, we induced transient unilateral kidney ischemia in H2B-GFP mice (n ϭ 2) and examined for Ki67-positive (i.e., proliferating) cells 24 h later. As shown in Figure 5C , the upper part of the papilla of the postischemic kidney contained many cycling cells, which were very rare in the contralateral, control kidney. In addition, high-power magnification showed that many of the cycling cells (Ki67 positive) were LRCs (GFP ϩ ), as shown in Figure 5D . Thus, as in normal conditions, LRCs in the base of the papilla generate new cells shortly after transient ischemic kidney injury but do so at a much higher frequency.
Because of the higher cycling frequency by LRCs after transient ischemic injury, we next examined whether this resulted in a decrease in the number of papillary LRCs in H2B-GFP mice. Confirming previous results in the rat, 1 as shown in Figure 5E , 2 wk after transient ischemic injury, when compared with the control papilla, the papilla of the injured kidney had substantially fewer LRCs as a result of their proliferation, thereby losing the label as well as their migration out of the papilla. (B) Shown is the location of BrdU-retaining cells in papilla of a 3-mo-old rat. (C) Shown is the location of BrdU-retaining cells in papilla of a 12-mo-old rat. Cross-sectional views were taken of mid-papilla labeled with Dolichos biflorus agglutinin-Rhodamine (identifies collecting ducts) and BrdU-antibody (FITC) of papillae from 3-and 12-mo-old rats. In the 3-mo-old rat, BrdU-retaining cells were abundant at both the center and the periphery of the papilla, whereas in the 12-mo-old rat, few BrdU-retaining cells remained at the center of the papilla. US, urinary space.
Papillary Cell Migration In Vivo after Transient Ischemic Injury
To test whether papillary cell migration may be enhanced after injury, we labeled cells of the superficial papilla, as described previously, with the kidneys being subjected to transient ischemia shortly before the introduction of the dye (n ϭ 8). Compared with the kidneys of rats not subjected to ischemia, labeled cells were found not only in the papilla and medulla ( Figure 6 ) but also occasionally in the cortex (identified here by the presence of glomeruli), a distant location from the site of dye introduction; however, the small number of observations prevented formal comparisons, and it needs to be established that ischemic injury enhanced migration. Remarkably, some of the images show that the labeled cells became incorporated into renal tubules (medulla, Figure 6 ). To rule out the possibility that some of the labeled cells that were located in the kidney parenchyma could be macrophages, we again co-stained tissue sections with a CD68 antibody. Although most of the cells with vital dye did not label with CD68, some did, and their frequency was quantified. In kidney sections from four experiments, of 100 cells that contained vital dyes, 10 cells were also labeled with CD68 (data not shown), indicating that, unlike normal conditions, after ischemic injury, 10% of the cells with dye were macrophages.
Characterization of Papillary LRCs
To determine the identity of the papillary LRCs, we isolated from the rest of the kidney at their base and further sectioned at midlevel renal papillae from adult rats that had been pulse-chased with BrdU ( Figure  7A , left). Tissue blocks containing papillary tips, midlevel areas, and papillary bases were obtained, and sections along the axial plane were used to detect LRCs. Identification of the LRCs was done by identifying BrdU-positive nuclei in cells of the following compartments: Collecting duct (labeled with Dolichos biflorus agglutinin, as shown in Figure 3 , B and C), thin descending limbs (labeled with an antibody to aquaporin 1), thin ascending limbs (labeled with an antibody to chloride channel CLC-K), and interstitial space (outside these structures). Analysis of three noncontinuous sections from each block showed The two populations of LRCs were also found in the H2B-GFP mouse (see Figure 7B) , where the collecting ducts were identified here by cytokeratin-8 immunolabeling. 20 Similarly, as in the rat, interstitial cells were markedly more abundant in the base of the papilla than in its tip (data not shown). The H2B-GFP mouse further allowed us to examine several potential markers of the interstitial LRCs, and, stimulated by recent findings, 19 we examined for the presence of nestin; as shown in Figure 7 , B and C, we found that the interstitial LRCs were nestin positive.
To determine which of the two types of LRCs proliferate in the upper part of the papilla, we examined tissue sections from H2B-GFP mice for LRCs that were also Ki67 positive and stained them with either cytokeratin-8 (to identify collecting duct LRCs) or nestin (to identify interstitial LRCs). As described already, we found only rare LRCs that were also Ki67 positive, but all of these cells were also nestin positive (i.e., interstitial), as illustrated in Figure 7C ; no LRCs from the collecting duct was found to be proliferating in the base of the papilla (data not shown).
To determine whether the LRCs of the papilla shared some of the molecular markers described in a variety of precursor/ stem cells in the adult kidney, [21] [22] [23] [24] [25] we isolated LRCs from the H2B-GFP mouse as described previously, 14 and after incubation with antibodies for hematopoietic and endothelial lineages (CD45, TER119, and CD31, all coupled to PE), cells that were PE negative were sorted into GFP ϩ and GFP Ϫ populations (see Figure 7D , left). Real-time PCR on the GFP ϩ and GFP Ϫ cells was then conducted, and as shown in Figure 7D (right) relative to the GFP Ϫ cell population, papillary LRCs overexpressed Cd133, Pax2, and particularly Cxcr7; expression of Oct4 was not detected in either cell population.
DISCUSSION
The data indicate that the low-cycling papillary LRCs of the adult normal kidney are a steady source of new cells and that they likely contribute to the kidney's homeostasis and function. The data also show that the renal papilla has two domains with strikingly different effects on the cell cycle of papillary LRCs. When located more distally in the papilla's parenchyma, the cells remain quiescent for long times, but in a restricted area of the base of the papilla, they enter the cell cycle. Low cycling history (i.e., label retention) and proliferation are mutually exclusive, because cell cycling leads to dilution and loss of the label into the LRC progeny. Hence, the number of LRCs that are proliferating under normal conditions is likely to be very small, and it is not surprising that their detection is difficult. We were greatly aided by the initial observation that the Figure 7 . (A) LRCs were identified in rat kidney papilla. Kidney papillae from 1-yr-old rats (n ϭ 5) that had been pulse-chased with BrdU were isolated from the rest of the kidney and sectioned as shown (left). (Right) LRCs in the tip of the papilla were similarly located in the collecting duct and in the interstitial space, whereas in the middle level of the papilla, there was a slight but statistically significant greater number of LRC interstitial cells than collecting duct cells. This difference was markedly accentuated at the base of the papilla. Cells from kidney papilla that were negative for DAPI (i.e., alive cells) and PE-labeled antibodies to CD45, TER119-PE, and CD31 were sorted to GFP ϩ and GFP Ϫ populations. Of the genes tested, Cd24a, Cd133, Cxcr7, and Pax2 were significantly overexpressed (fold change) in the papillary LRCs, whereas the expression of Cxcr4 and of Sca1 was no different between the two cell populations. Expression of Oct4 was not detected in either cell population. *P Ͻ 0.05.
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base of the papilla is a site of enhanced cell proliferation ( Figure  1C) . Interestingly, in the base of the papilla, proliferating LRCs were occasionally found in "chain-like structures" of cycling cells Figure 2D ), suggesting that, in this region, papillary LRCs generate a population of quickly dividing daughter cells, a similar arrangement to that found in other organs with adult, organ-specific stem cells such as the skin, 1 brain, 26 prostate, 27 and gonads 28 ; however, whether the cycling LRCs of the upper papilla generate a true "transit amplifying" cell compartment that is capable of differentiating into mature kidney cells will require lineage tracing experiments. Interestingly, the upper papilla seems to be a site of privileged cellular proliferation only in adult animals. Although we found that the upper papilla contained the greatest number of cycling cells in adult rats, Vogetseder et al. 29 found that cell proliferation in growing rats (4 to 5 wk old) was most apparent in the medullary rays of the cortex and the outer stripe of the medulla. The reason(s) for these differences is at present unknown, but it is to be expected that growing animals would have different rates of cell proliferation than adult ones.
Transient renal ischemia rapidly and selectively enhanced cellular proliferation in the upper papilla, and at least some of these proliferating cells were papillary LRCs (Figure 5 ), suggesting that in response to ischemic injury, LRCs of the upper papilla also contribute to the initial generation of new cells in response to injury. We also found that the number of papillary LRCs decreased with age (Figure 4) , and although several possibilities such as cell death or slow cell division in situ could account for this decrease, when combined with the finding that LRCs proliferate in the upper papilla, it suggests that papillary LRCs or their immediate progeny (and still label retaining) migrate upward in the papilla. Results of in vivo experiments with vital dyes support this hypothesis. Three days after labeling a narrow region of the superficial papilla in vivo with vital dyes, labeled cells were detected deep in the kidney parenchyma, some of which were LRCs ( Figure 4D ). Interestingly, transient kidney ischemia seemed to increase upward migration of papillary cells; unlike in normal kidneys, in kidneys subjected to ischemia, labeled cells were occasionally found in the cortex ( Table 1) .
Characterization of the papillary LRCs showed that both in rats pulse-chased with BrdU and in the H2B-GFP mouse, papillary LRCs were identified as collecting duct cells and interstitial cells. It is unresolved whether these two cell populations are related, but detailed morphologic observations of collecting duct cells found numerous projections extending from the basal part of the cell's cytoplasm through the duct's basement membrane into the papillary interstitium 30 and suggest that collecting duct cells can migrate into the interstitium. 31 Interestingly, we also found that interstitial LRC are nestin positive, a protein of the intermediate filament family originally found in neuroepithelial stem cells (see reference 32 for a review). Nestin function is unknown, and although it can be found in terminally differentiated cells such as podocytes, it is also found in a variety of multilineage progenitor cells and injured tissues. 32 Using a nestin-GFP transgenic mouse, Patschan et al. 19 reported that the kidney papilla had abundant nestin-positive cells and that after ischemia, the cells migrated from the papilla and outer medulla toward the cortex. Their results are consistent with our findings and suggest that among the population of nestin-positive cells migrating out of the papilla are LRCs and their progeny. Unlike interstitial LRCs, we could not detect collecting duct LRCs that were proliferating. This could be due to several possibilities. First, because LRCs that are proliferating are difficult to find, it is possible that insufficient focus was applied to the proper site where the cells cycle. Second, collecting duct LRCs enter the cell cycle solely under conditions that we did not examine (e.g., acidosis 33 ). Finally, it is also possible that these cells undergo epithelia-to-mesenchymal transformation 31, 34 and perhaps migrate out of the collecting duct before proliferation. 30, 31 Additional work is needed to distinguish among these alternatives.
The molecular cues that signal the papillary LRCs to be in cell-cycle arrest deep in the papilla and to proliferate in its upper part as well as to migrate remain obscure, but the unique environment of the kidney papilla, with its low oxygen tension and marked osmolar and oxygen gradients, 35, 36 is likely to be important in their regulation. A related question is the mechanism and migratory pathways used by renal papillary LRCs in their upward movement. The most urgent question that needs to be answered, however, is the identity of the papillary LRC progeny and what their function is; this is likely to require genetic labeling of the LRC progeny.
The origin of new cells in the adult kidney during normal conditions and after injury is beginning to be elucidated. Morphologic analysis had long suggested that terminally differentiated epithelial cells can generate new tubular cells, 37 an observation supported by studies with timed administration of thymidine analogues 29, 38 and more elegantly confirmed recently by Humphreys et al. 13 Others have also searched for LRCs in the kidney; for instance Maeshima et al. 38 administered BrdU to adult rats for 1 wk and harvested the kidneys 2 wk after a period of nucleotidefree chase. They found scattered LRCs in the proximal, distal, and collecting tubules. To accumulate the label, these cells must have divided during the week of BrdU administration and either had not divided or had divided only rarely during the subsequent 2 wk of chase. These results are consistent with low abundance of cycling cells in the adult kidney (see Figure 1) . It is not surprising that their LRCs differ from the ones we found in the papilla, because, unlike their long pulse/short chase method of identifying LRCs, we labeled cells during embryogenesis (with GFP) or immediately after birth (with BrdU) and using a short pulse and a very long chase, often several months in duration. Moreover, this chase pe- Data derived from six sections of 25-m thickness from each kidney. In each section, the total area of the kidney was examined for the presence of labeled cells, and detection of a single cell with dye was scored as positive.
riod occurs during the transition from newborn to adulthood (i.e., a period of intensive cell cycling); hence, only slow-cycling cells will remain labeled in our method. Thus, the difference between the two protocols is that although both identify LRCs, the short pulse/long chase identifies slow-cycling cells, one of the defining characteristics of stem/precursor cells. Whether the LRCs identified by Maeshima et al. 38 were labeled as a consequence of the normal turnover of renal epithelial cells are low-cycling cells or are true progenitor cells remains to be determined. Nonetheless, their finding that many of the epithelial BrdU-labeled cells in the tubules were cycling after kidney ischemic injury indicates that during organ repair, new renal cells generate from division of terminally differentiated cells. 38 Indeed, Humphreys et al. 13 genetically labeled newly generated cells and found that after kidney injury, most if not all of the new epithelial cells derived from differentiated surviving epithelial cells. Nonetheless, it is likely that both under homeostatic conditions and during repair from injury, several mechanisms and cell populations might contribute to new kidney cells and organ repair. Other organs such as the skin 39 and brain, 40 to cite the most prominent, contain several types of stem/precursor cells that provide new cells for specific locations and functions. Given the complex renal architecture and the multiple cell types present in the kidney, it is likely that this organ also possesses multiple mechanisms of cell renewal and regeneration. Indeed, recent studies of adult kidney reported the presence of several cells with variable properties of precursor/stem cells. Some of these cells are epithelial, 24, 38, 41 others mesenchymal, 22, 23, 42, 43 and yet others of unclear origin. 21, 43 Analysis of these cells showed the frequent presence of the somatic stem cell marker CD133 21, 24 and the renal embryonic stem cell marker Pax2, 21, 22 which we also found in papillary LRCs ( Figure 7D ). Whether these findings suggest a common embryonic origin and/or function for all of these cells remains to be determined.
CONCISE METHODS
BrdU Loading of Rats
Rats with BrdU-retaining cells were obtained as described previously. 14 In the rats in which cellular proliferation was examined by the acute incorporation of BrdU, in both control rats and rats subjected to transient renal ischemia, BrdU at 100 mg/kg was administered intraperitoneally 1 h before killing. In the latter animals, BrdU was given immediately after releasing the renal artery clamp.
H2B-GFP Mice
For marking infrequently cycling cells (i.e., LRCs) with GFP, H2B-GFP mice under the control of tetracycline regulatory element 16 were generated (A.K. and A.E., manuscript in preparation). Pregnant female mice were given drinking water containing 2 mg/dl doxycycline starting after plug detection and until day of delivery. Pups expressing H2B-GFP were identified by analysis of the tail tip with a fluorescence microscope (when given doxycycline during embryogenesis) or by PCR with appropriate GFP primers. After withdrawal of doxycycline (chase period; up to 20 wk of age), quiescent cells retain GFP because the fusion H2B-GFP protein is very stable, 18 but cells that continue to divide lose the GFP signal because the H2B-GFP protein is diluted in their progeny.
Transient Renal Ischemia
Renal injury was induced by clamping of the left renal artery as described previously. 14 In rats, renal artery clamping was done for 45 min, whereas in H2B-GFP mice, clamping lasted 20 min. In addition, For ensuring that adequate urine flow was maintained after kidney injury, in the experiments in which vital dyes were injected into the urinary pelvis of rats (and are described next), the period of ischemia was only 30 min.
In Vivo Labeling of Renal Papillary Cells
To track movement of cells in the renal papilla, we developed a method to label a discrete layer of cells by the brief introduction of vital dyes directly into the urinary pelvis. Sprague-Dawley 3-mo-old male rats were anesthetized, and a posterior subcostal incision was made in their left side, as described previously. 14 The ureter adjacent to the urinary pelvis was dissected and surrounded by a silk thread, which, upon gentle pooling, stopped the flow of urine. Within 2 to 3 min, the renal pelvis dilated, thereby allowing insertion into the pelvis of a 36-G needle and injection of the dye. The dye was maintained inside the renal pelvis by keeping the ureter occluded for an additional 5 min so that total occlusion time was Ͻ10 min. After removal of the occluding suture, the dilation of the upper ureter and renal pelvis as well as the dye quickly disappeared, indicating restoration of the flow of urine. In the kidneys examined 3 d after introduction of the dyeseight control rats and eight rats subjected to 30 min of unilateral renal ischemia (done 3 h after introduction of the dye)-the following dyes were used: 50 g of CMDiI (Invitrogen) dissolved in 50 l of DMSO was injected into five control rats and five postischemic rats; 25 l of 1 mM PKH26 Red (Sigma) was injected into two control and two postischemic rats, and 25 g of FM1-43 (Invitrogen) dissolved in 30 l of PBS was injected into one control and one postischemic rat. Because PKH26 is dissolved in ethanol and the final concentrations of both the dye and its solvent in the urinary space are unknown, it is possible that some cells in contact with the dye lost membrane integrity. Thus, it is conceivable that some of the PKH26-containing cells found deep in the kidney parenchyma may have obtained the label after phagocytosis of fragments from cells damaged by the ethanol or PKH26; however, analysis of the kidneys showed no detectable differences among the three dyes. For analysis of the control kidneys after dye introduction into the urinary space, three rats received one of the three dyes described and were killed 1 h later. When vital dyes were administered into the renal pelvis of the H2B-GFP mice, 10 g of CMDiI dissolved in 10 l of DMSO was used. In addition, because of technical difficulties to canalize the ureter, instead of a subcostal approach, an anteriolaparotomy was used.
Immunodetection
Kidneys were isolated and sectioned along the coronal plane with care taken to ensure that papilla remained in one of the two half kidneys, which, after fixation, was used for analysis. The half kidney was fixed with 4% paraformaldehyde and after incubation with 30% sucrose was frozen in Tissue-Tek OTC compound (Sakura Finetek). For 100-m vibratome sections, kidneys were fixed in Ϫ20°C methanol, embedded in a block of 3% agarose, and sectioned with a 1000 Plus Vibratome (Pelco). BrdU detection was done as described previously. 14 Cell proliferation assay with Ki67 antibodies was always preceded by incubation of the section with DakoCytomation Target Retrieval Solution (DAKO) in the experiments with rats; for the experiments with mouse expressing H2B-GFP, the antigen retrieval incubation was omitted. Fluorescence signals were detected with a fluorescence microscope and an RT Slider SPOT digital camera (Diagnostic Instruments). Sections were also viewed with an Axiovert 100 laser-scanning confocal microscope (model LSM 410; Carl Zeiss).
Quantification of Ki67-Positive Cells
In sections of whole kidneys of 1-yr-old rats, the number of cells labeled by the antibody to Ki67 was quantified as a percentage of the total number of cells (stained with DAPI) in four ϫ200 random fields from each one of three noncontinuous 5-m sections of one kidney from four different rats.
Quantification of BrdU-Positive Cells
Kidney papillae from rats pulsed with BrdU when pups as described previously 14 and chased to 3 and 12 mo were mounted in blocks of Tissue-Tek OCT. Transversal sections of the papillae were obtained from the tip, middle part, and base. At each level, three nonconsecutive 5-m sections were analyzed, and the BrdU-positive cells present in three ϫ200 random fields were quantified.
FACS Isolation of Papillary Cells
Adult mice expressing histone 2B-GFP were pulsed with doxycycline during embryonic age and chased to adulthood. Nine mice were killed, and their kidney papilla was isolated as described previously. 14 Upon isolation, cells were incubated at 4°C (30 min) with anti-mouse antibodies to CD45-PE (clone 30F11), to TER119-PE (clone TER-119), and to CD31 (clone 390) all coupled to PE (BioLegend). After washing, a BD FACSria was used to sort live (DAPI-negative population) GFP ϩ and GFP Ϫ cells.
RNA Analysis of Isolated Cells
Total RNA was isolated from both GFP Ϫ and GFP ϩ cell populations using Table 2 Antibodies
The following antibodies were used: Monoclonal against BrdU, clone BMC9318 (Roche); monoclonal against Ki67 antigen, clone MIB-5 (DAKO); rabbit polyclonal against Ki67 antigen (Novocastra and Abcam); rat monoclonal against perlecan, clone A7L6 (RDI); rabbit polyclonal to collagen IV (Abcam); goat polyclonal to nestin (Santa Cruz Biotechnology); rabbit polyclonal against aquaporin I (Abcam); rabbit polyclonal to CLC-K (Chemicon); and monoclonal to rat CD68 (Serotec); chicken polyclonal to GFP (Aves). FITC-or rhodamine-coupled Dolichos biflorus agglutinin was from Vector Laboratories. Nuclei were stained with DAPI (Invitrogen).
Statistical Analysis
Data are shown as means Ϯ SEM and were analyzed by ANOVA with Bonferroni correction for multiple comparisons. When appropriate for transformed values, the Tukey-Kramer multiple comparison test was used. 44 
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